Hydrogen peroxide (H2O2) and organic peroxides play important roles in 13 the cycle of oxidants and the formation of secondary aerosols in the atmosphere. 14 Recent field observations have suggested that the budget of peroxyacetic acid (PAA, 15 CH3C(O)OOH) is potentially related to the aerosol-phase processes, especially to 16 secondary aerosol formation. Here we present the first laboratory measurements of 17 the uptake coefficient of gaseous PAA and H2O2 onto ambient fine particulate matter 18 (PM2.5) as a function of relative humidity (RH) at 298 K. The results show that the 19 PM2
formation and aging of secondary organic aerosols (SOA) (Claeys et al., 2004; 48 Docherty et al., 2005; Surratt et al., 2006; Paulot et al., 2009; Huang et al., 2013; Xu 49 et al., 2014) . 50 The peroxide compounds are mainly produced by the bimolecular reaction of 51 HO2 and RO2 radicals (e.g. R1 and R2), and their minor sources include the 52 ozonolysis of alkenes and biomass burning (Lee et al., 2000) .
53
HO2 + HO2 (+ H2O) → H2O2 + O2 
where {C} is the total uptake of gaseous peroxide by particle surfaces, molecules; Z 189 is the collision frequency, molecules s -1 ; [C] is the concentration of the molecule 8 number of gaseous peroxide, molecules m -3 ; ω is the mean molecular speed, m s -1 ; R 191 is the universal gas constant, kg m 2 s -2 mol -1 K -1 ; T is the Kelvin temperature, K; Aes 192 is the effective surface area of particles, m 2 ; Mx is the molecular weight, kg mol -1 . 193 The uptake onto the particles is equal to the loss of the gaseous reactant and this gas 194 phase loss can be calculated by the difference between the reactant concentrations at 195 the inlet and outlet of the reactor. Here, we define the fractional loss of the reactant 196 (Lf) as Eq. (4):
where [C] in and [C] out is the concentration of the reactant at the inlet and outlet of the 198 reactor, molecules m -3 , respectively. Since no obvious uptake of peroxide on the 199 blank filter occurred, the reactant concentration at the outlet of the blank reactor can 200 be treated as the initial concentration at the inlet of the reactor for the uptake on 201 aerosols. Therefore, Eq. (1) can be expressed as Eq. (5):
202 γ= 4×Lf×V g ωA es (5) where Vg is the flow rate of the reactant containing gas, m 3 s -1 . The values of γ on 203 PM2.5, ADS and ATD particles in the next test are calculated by the Aes estimated in 10 specific gaseous reactant due to the uptake of the filter-loaded particles was directly 242 proportional to Aes. The value of Aes should depend on the loaded particle mass. 243 Therefore, we used the relationship between Lf and particle mass (Ma) to estimate 244 the value of Aes. Figure 2 shows the relationship between the Lf of gaseous PAA 245 versus the loaded particle mass. Although Lf appeared to have a linear relationship 246 with particle mass in the low particle mass region, it generally fitted with the 247 logarithmic function of particle mass, with a correlation coefficient r=0.88. This 248 empirical logarithmic relationship is given in Eqs. (6) to (8) 3.00 mg, respectively. In the low particle mass region, the particles were highly 253 dispersed on the filter and Aes increased rapidly with increasing particle mass; in high 254 particle mass region, particles highly overlapped and agglomerated with each other 255 on the filter, and Aes was closer to Ags (12.43 cm 2 ). Here, we assume that there exists 256 a critical particle mass (Ma,c) for which Aes is equal to Ags. When the particle mass is 257 greater than Ma,c, Aes tends to be constant, i.e., the Ags. For Ma,c, the corresponding 258 fractional loss of PAA is Lfc. We use an iterative method to determine Ma,c. 
where Ma represents the filter-loaded particle mass, mg. The mass of the filter-loaded 273 PM2.5 and the estimated Aes values are listed in Table 2 . Aes for PM2.5 changes with 274 the particle mass, ranging from 3.2-13.8 cm 2 ; Aes for ADS is 6.1 cm 2 and 10.9 cm 2 , 275 respectively; Aes for ATD is 6.4 cm 2 and 11.2 cm 2 , respectively. The uptake 276 coefficients on PM2.5 particles, ADS and ATD particles below are all calculated with 277 these Aes values. The uptake coefficient of PAA (γPAA) on PM2.5 particles was measured over a wide 281 range of RH (3−90%). Figure 3 shows the γPAA profile on PM2.5 with respect to 282 increasing/decreasing RH. γPAA increases with increasing RH on both daytime and 283 nighttime PM2.5 samples. The values of γPAA on nighttime PM2.5 samples are similar 284 to those on daytime PM2.5 samples. Additionally, although the mass of PM2.5 285 collected on a haze day is significantly different from that on a non-haze day, the 286 γPAA values are similar under these two different weather conditions (Table 3 ). In 287 general, γPAA rises from (0.89±0.26)×10 -4 at 3% RH to (4.41±0.92)×10 -4 at 90% RH. 
We also determined the uptake coefficients of H2O2 on PM2.5 over the RH range 295 of 3% to 90%. Before this experiment, we compared the measured uptake 296 coefficients of H2O2 on two PM2.5 samples, one had been used to measure the uptake 297 coefficient of PAA and the other had not been used for any measurements. The 298 results show that the relative error between the above two experiments was 1.0−7.4% 299 among different RH (3−90%). Therefore, there is no obvious difference between the 300 uptake coefficients of H2O2 on used and unused PM2.5 samples. Figure 5 shows the 301 γH2O2 on PM2.5 which had been used to measure γPAA, over 3−90% RH. The all γH2O2 values show a negative RH dependence. Figure 6 shows the ratio of γPAA, 90% RH to γPAA, 3% RH (RγPAA) and γH2O2, 90% RH to 313 γH2O2, 3% RH (RγH2O2). Although the RγPAA values are more variable on haze days than 314 those on non-haze days, the average value of RγPAA shows no obvious difference at 315 different times and under different weather conditions, varying over the narrow 316 range of 4.4±0.6 to 6.3±2.7. On average, RγPAA is 5.4±1.9. It is interesting to note 317 that RγH2O2 is 2.4±0.5 (see Fig. 6 ), which is much lower than RγPAA. Although γH2O2 318 has a positive RH dependence on PM2.5 as well, H2O2 is less sensitive to RH 319 variance compared to PAA. For peroxide compounds, if physical process, especially 320 the dissolution, dominates their uptake on PM2.5, the RγH2O2 should be larger than 321 RγPAA, because the Henry's law constant of H2O2 is 100 times that of PAA (298 K we speculate that physical process is not the main pathway for the uptake of 325 peroxide compounds on PM2.5. In addition, the values of γPAA and γH2O2 on PM2.5 326 were measured with increasing RH from 3% to 90% and then the measurements 327 were repeated by using the same sample with decreasing RH from 90 to 3%.
328
Interestingly, we find that the γPAA and γH2O2 can be well repeated in these two cases 329 (see Fig. 3 and Fig. 5 ). The independence of γPAA and γH2O2 on reaction time also 330 indicates that PM2.5 has a sustained reactivity for the uptake of peroxide compounds 331 at different RH, which falls into the category of reactive uptake as suggested by 332 Crowley et al. (2010) . The detailed mechanism is described in Section 3.3.
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The present study is the first investigation on the kinetics of the heterogeneous ). For PAA, however, no data regarding its kinetics on mineral dust has been 339 available in the literature. Therefore, we investigated the heterogeneous reaction of Mineral dust is an important component of atmospheric aerosols in Beijing, it 343 comprises 6.0% and 6.2% of PM2.5 on haze days and non-haze days, which is similar 344 to the reported values (7.1%−12.9%) (Sun et al., 2004; Yang et al., 2011; Zhang et al., 345 2013). To determine whether the mineral dust dominates the uptake of PAA on PM2.5, 346 we measured the γPAA on two kinds of mineral dust particles, i.e., ADS and ATD 347 particles. The measured γPAA values are listed in show a negative correlation with RH. Aes for ADSl and ADSh is 6.1 cm 2 and 10.9 375 cm 2 , respectively; Aes for ATDl and ATDh is 6.4 cm 2 and 11.2 cm 2 , respectively.
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The empirical equation of γPAA against aH2O on ADS and ATD can be expressed as 
Reaction mechanisms 384
In general, the uptake of a gas onto particles can be attributed to physical processes 385 (e.g., physisorption and dissolution) and/or chemical processes (e.g., catalytic 386 reaction, acid-base reaction, redox reaction and thermal decomposition). In Section PAA and H2O2 are 48 kcal mol −1 and 50 kcal mol −1 , respectively (Bach et al., 1996) .
447
In addition, PAA is prone to hydrolysis in the presence of water (Reaction 3 and 448 Reaction 4) (Yuan et al., 1997) . This is consistent with our experimental result that 449 RγPAA is larger than RγH2O2. 22):
PM2.5 and PM10 in haze−fog episodes in Beijing, Environ. Sci. Technol., 40, the volatility of secondary organic aerosol from isoprene photooxidation, Environ. Note: a daytime; b nighttime; exposed PM2.5 particles, which has been used in the PAA uptake experiments; unexposed PM2.5 filter which has not been used for any experiments. 
